Nonalcoholic fatty liver disease (NAFLD) is characterized by the presence of hepatic steatosis in individuals who consume little or no alcohol and who have no other identifiable secondary cause of steatosis.[@b1]--[@b5]. NAFLD is associated with features of metabolic syndrome, including obesity, insulin resistance, hypertension, diabetes, and dyslipidemia.[@b1],[@b4],[@b6],[@b7] It is the most common cause of chronic liver disease (CLD) in the United States.[@b2]--[@b5] It affects 80-100 million Americans, of whom 10%-22% may have nonalcoholic steatohepatitis (NASH),[@b8]--[@b13] a progressive form that may lead to cirrhosis[@b11],[@b14] and hepatocellular carcinoma.[@b11],[@b15]--[@b19] Patients with NASH and especially those with advanced fibrosis are at particularly high risk for these outcomes and require more-intense monitoring and therapy. The current diagnostic gold standard to diagnose advanced fibrosis is liver biopsy.[@b20] However, biopsy is invasive and costly and may be complicated by morbidity and even death.[@b21] Accurate noninvasive objective methods to detect advanced fibrosis in patients with NAFLD are needed, but are not yet commercially available.

There are no approved noninvasive tests to diagnose advanced fibrosis. Cytokeratin-18,[@b22] NAFLD fibrosis score,[@b23] and Enhanced Liver Fibrosis (ELF™) Test[@b24] are promising, but may not be sufficiently accurate for routine clinical use.[@b1],[@b25] Ultrasound elastography methods have high (21%-50%) failure rates in NAFLD.[@b26]--[@b29] Recent retrospective studies demonstrate that two-dimensional magnetic resonance (MR) elastography (2D-MRE) may be useful in noninvasive diagnosis of advanced fibrosis in NAFLD.[@b30] However, prospective studies of 2D-MRE with paired liver biopsies in well-characterized patients with biopsy-proven NAFLD with a clinical indication for a liver biopsy are needed.

Utilizing a prospective cohort study design, we aimed to determine the accuracy of 2D-MRE for noninvasive diagnosis of advanced fibrosis in well-characterized patients with biopsy-proven NAFLD. We also aimed to determine the accuracy of 2D-MRE for noninvasive diagnosis of the presence of NASH, as well as dichotomized stages of fibrosis.

Patients and Methods
====================

Design
------

This is a cross-sectional analysis of a prospective cohort study including 117 consecutive patients with biopsy-proven NAFLD who also underwent an advanced MR examination, including 2D-MRE. All patients had a histology-confirmed diagnosis of NAFLD. Liver biopsies were performed for clinical care, and 2D-MRE was done for research. After careful exclusion of other causes of liver diseases and secondary causes of hepatic steatosis, patients attended a research clinic visit and underwent standardized history, physical exam, anthropometric exam, and biochemical testing at the University of California at San Diego (UCSD) NAFLD Translational Research Unit[@b31]--[@b33] and a 2D-MRE examination at the UCSD MR3T Research Laboratory. All patients provided written informed consent, and the study was approved by the UCSD Institutional Review Board as well as the UCSD Clinical and Translational Research Institute.

Patient Population
------------------

Patients were included if they met the following inclusion and exclusion criteria.

Inclusion/Exclusion Criteria
----------------------------

Patients were included if they were ≥18 years of age, had a liver biopsy confirming NAFLD, and provided written informed consent. Exclusion criteria were regular and excessive alcohol consumption within 2 years preceding recruitment: ≥14 (men) or ≥7 (women) drinks per week, use of hepatotoxic drugs or drugs known to cause hepatic steatosis, clinical or laboratory evidence of secondary NAFLD resulting from major nutritional and iatrogenic gastrointestinal disorders or to human immunodeficiency virus infection, clinical or laboratory evidence of liver disease other than NAFLD, such as viral hepatitis (shown by a positive serum hepatitis B surface antigen or hepatitis C viral RNA), Wilson\'s disease, hemochromatosis, glycogen storage disease, alpha 1-antitrypsin deficiency, autoimmune hepatitis, cholestatic or vascular liver disease, clinical or biochemical evidence of decompensated liver disease with Child-Pugh score greater than 7 points, active substance abuse or significant systemic illnesses, contraindication(s) to magnetic resonance imaging (MRI), pregnant or trying to become pregnant, or any condition that, in an investigator\'s opinion, impedes participant competence, compliance, or study completion.

Histologic Assessment
---------------------

All patients underwent a systematic liver biopsy evaluation that was scored using the nonalcoholic steatohepatitis (NASH) Clinical Research Network (NASH-CRN) histological scoring system.[@b34] Each biopsy was read in a blinded fashion by an experienced liver pathologist without knowledge of clinical and radiology data.

Liver fibrosis stage was scored on a 5-point ordinal scale (0, 1, 2, 3, and 4). Patients with stage 3 (bridging fibrosis) and stage 4 (cirrhosis) were classified as having advanced fibrosis.NASH was scored on a 3-point ordinal scale (non-NASH, borderline NASH, and definite NASH). For the purpose of this study, patients with borderline as well as definite NASH were classified as having NASH. The average (± standard deviation \[SD\]) of biopsy size and number of portal triads were 23.8 (± 9.6) mm and 13.7 (± 5.9), respectively.

Outcome Measures
----------------

Primary outcome was advanced fibrosis: All patients with liver biopsy evidence of stage 3 (bridging fibrosis) or stage 4 (cirrhosis) were classified as having advanced fibrosis. Secondary outcomes included (1) NASH and (2) dichotomized fibrosis stages, including stage 0 versus stage 1-4, stage 0-1 versus stage 2-4, and stage 0-3 versus stage 4.

MRI
---

MRI examinations were performed using a 3T research scanner (GE Signa EXCITE HDxt; GE Healthcare, Waukesha, WI) at the UCSD MR3T Research Laboratory. Patients were scanned in the supine position with a torso phased array coil placed over the abdomen. To reduce potential physiological confounding factors, patients were instructed to fast a minimum of 4 hours. The duration of fasting was not recorded. Two MR techniques were performed: 2D-MRE, to estimate liver stiffness, and an advanced MR fat quantification technique.

2D-MRE
------

MRE was performed as previously described,[@b35]--[@b38] using commercially available software and hardware (Resoundant Inc., Rochester, MN). Briefly, an acoustic passive driver is secured with an elastic band over the body wall anterior to the liver and connected by a flexible plastic tube to an acoustic active driver outside the MRI room. Continuous vibrations at 60 Hz are generated by the active driver and delivered by the tube to the passive driver, which then transmits the vibrations into the body, thereby producing shear waves in the liver. A 2D gradient-recalled/echo MRE pulse sequence is performed while the vibrations are transmitted, and four noncontiguous axial slices (10-mm thick, 10-mm interslice gap) are acquired in a 16-second breath-hold through the widest transverse dimension of the liver. Acquisition parameters include the following: repetition time (TR), 50 ms; echo time (TE), 20.2 ms; flip angle (FA), 30 degrees; matrix, 256 × 64; field of view (FOV), 48 × 48 cm; one-signal average; receiver bandwidth (BW) ± 33 kHz (confirm); and parallel imaging acceleration factor, 2. By utilizing oscillating motion-sensitizing gradients that encode tissue motion into the phase of the MR signal, this sequence generates images (called wave images) that depict the shear waves within the liver. The sequence is repeated a total of four times, adjusting the phase relationship (phase offset) between the vibrations and the oscillating motion-sensitizing gradients, thereby producing, at each slice location, wave images at four evenly spaced time points over the wave cycle. Total acquisition time (four 16-second breath-holds with short recovery in between) is around 2 minutes.

The wave images at each slice location then are processed automatically on the scanner computer using specialized software (called an inversion algorithm) to generate quantitative cross-sectional maps (called elastograms) depicting the stiffness of tissue. Four elastograms are generated, one at each of the four slice locations. These maps display stiffness with a color scale in units of kilopascals (kPa).

The elastograms were transferred offline for analysis.[@b31],[@b33] A trained image analyst (6 months of experience with MRE) in the MR3T research laboratory manually drew regions of interest (ROIs) on the elastograms using a custom software package. ROIs were drawn at each of the four slice locations in portions of the liver in which the corresponding wave images showed clearly observable wave propagation, avoiding liver edges, large blood vessels, and artifacts. The mean liver stiffness was calculated by averaging the per-pixel stiffness values across the ROIs at the four slice locations, and the results were outputted automatically to an electronic spreadsheet.

MRI/Proton Density Fat Fraction
-------------------------------

To quantify liver fat content, we used an advanced fat quantification MR technique, as previously described.[@b32],[@b39]--[@b41] Briefly, this 2D magnitude-based gradient-recalled/echo technique estimates proton density fat fraction (PDFF), an MRI-based biomarker of liver fat content,[@b40],[@b42],[@b43] using low FA (10 degrees), relative to TR (≥125 ms), to minimize T~1~ bias[@b40],[@b41],[@b44] and six gradient-recalled echoes at sequential in- and out-of-phase TEs (1.15, 2.3, 3.45, 4.6, 5.75, and 6.9 ms) to separate fat and water signals and calculate and correct for T~2~\* signal decay.[@b40],[@b41],[@b44],[@b45] 2D contiguous slices (10-mm thick, 0-mm interslice gap) are acquired of the entire liver in a single 18- to 30-second breath-hold. Other acquisition parameters include receiver BW ±142 kHz, base matrix 224 × 124, one-signal average, rectangular FOV adjusted to body habitus and breath-hold capacity, and a parallel imaging factor of 1.25. Cross-sectional maps depicting the PDFF of tissue are computed pixel-by-pixel from source images using custom-developed software that models observed signal as a function of TE, taking into account the multiple frequency components of triglyceride (TG).[@b41],[@b44],[@b46]--[@b48]

This technique has been shown to accurately quantify fat content in phantoms[@b44] and in human liver *in vivo* at both 1.5 and 3T using MR spectroscopy[@b40],[@b41],[@b49],[@b50] with contemporaneous liver biopsy[@b33],[@b39] as a reference. The technique has high intra- and interexamination repeatability[@b40] and high reproducibility across field strength[@b49],[@b50] and scanner manufacturer[@b50] and is robust to acquisition parameter variation over the clinically reasonable range.[@b49] MRI-estimated PDFF is more accurate than conventional dual-phase imaging[@b40],[@b43] and, unlike conventional imaging, remains accurate even in the setting of iron overload,[@b45] which may coexist with NAFLD.

The PDFF maps were transferred offline for analysis. A trained image analyst (6 months of experience with MRE) in the MR3T research laboratory manually placed 2-cm-diameter circular ROIs in each of the nine hepatic segments on the maps, avoiding large blood vessels, liver edges, and (if any) artifacts.[@b39],[@b51] The mean liver PDFF was calculated by averaging the per-pixel PDFF values across the ROIs in each segment, and the results were outputted automatically to an electronic spreadsheet.

Duration Between 2D-MRE and Liver Biopsy
----------------------------------------

The median time interval between biopsy and 2D-MRE was 45 days (interquartile range: 50 days).

Clinical Research Assessment
----------------------------

All patients were evaluated in the UCSD NAFLD Translational Unit research clinic. A detailed history was ascertained from all patients. A physical exam, including vital signs, height, weight, and anthropometric measurements, was performed by a trained investigator. Body mass index (BMI) was calculated by dividing body weight (in kilograms) by the square of the height (in meters). Alcohol consumption was documented in clinical visits and then confirmed in the research clinic using the Alcohol Use Disorders Identification Test and Skinner questionnaire, validated tools used to screen for heavy drinking and/or active alcohol abuse or dependence. A detailed history of medications was also obtained; none of the patients included in this study reported use of medications known or suspected to induce steatosis or steatohepatitis. Other causes of liver disease or injury were systematically ruled out in a standardized and uniform manner based on historical and laboratory data. Subjects underwent biochemical phenotyping, which consisted of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma-glutamyl transpeptidase (GGT), total bilirubin, direct bilirubin, albumin, hemoglobin A1c (HbA1c), fasting glucose and insulin, homeostatic model assessment of insulin resistance, as defined by the product of glucose and insulin divided by 405, prothrombin time/international normalized ratio, fasting lipid panel, free fatty acids (FFAs), C-reactive protein, and platelet count.

Statistical Analyses
--------------------

An experienced biostatistical analyst (T.W.) performed the statistical analyses under the supervision of a faculty statistician (A.G.) using "R" statistical computing software (R version 2.15.1 \[2012-06-22\]; R: a language and environment for statistical computing; R Foundation for Statistical Computing, Vienna, Austria). A two-tailed *P* value of ≤0.05 was considered statistically significant for all analyses.

Patients\' demographic, laboratory, histological, and imaging data were summarized. Summary statistics are presented as mean and SD for continuous measures and as numbers and percentages for categorical measures.

Main Analysis and Cross-Validation
----------------------------------

Receiver operating characteristic (ROC) curve analysis was performed for 2D-MRE as a classifier of advanced fibrosis (stage 3 or 4 fibrosis). The measure of overall performance was the area under the ROC curve (AUROC). The cut-off value of 2D-MRE for classifying advanced fibrosis was selected to optimize sensitivity with specificity at 90% or greater; for that cut-off value, the following performance parameters were computed: sensitivity; specificity; positive predictive value (PPV); negative predictive value (NPV); and total accuracy. Stratified 10-fold cross-validation was applied to the threshold selection method, and cross-validated performance parameters were computed. Ninety-five percent binomial confidence intervals (CIs) were computed around both raw and cross-validated performance parameters.

Secondary Analyses
------------------

Similarly, ROC analyses were performed and the corresponding AUROCs, classifying thresholds, performance parameters, and cross-validated performance parameters were computed for 2D-MRE as a classifier of NASH and other dichotomizations of fibrosis stage (any fibrosis \[stage ≥ 1; stages 0-1 vs. 2-4 and stages 0-3 vs. 4). Finally, we used multivariable logistic regression to explore the contribution of additional predictors of the primary outcome of advanced fibrosis, including age, sex, BMI, and MRI-PDFF. The Akaike Information Criterion (AIC) was used to select the model with the optimal combination of predictors.

Results
=======

Baseline Characteristics
------------------------

Between January 2011 and November 2013, 117 consecutive patients (56% women) with biopsy-proven NAFLD and paired 2D-MRE were prospectively enrolled in this MRE study. The mean (± SD) of age and BMI was 50.07 (± 13.4) years and 32.42 (± 5) kg/m^2^, respectively. Baseline characteristics, including demographics, biochemical, histological, and imaging data, are presented in Table [1](#tbl1){ref-type="table"}.

###### 

Baseline Demographic, Biochemical, and Histological Characteristics of Subjects

  Characteristic                         Patients With Paired Biopsy and 2D-MRE (n = 117)
  -------------------------------------- --------------------------------------------------
  Demographics                           
  Male patients (%)                      51 (43.6)
  Age, years                             50.1 (13.4)
  Weight (kg), mean (SD)                 91.8 (18.4)
  Height (m), mean (SD)                  1.68 (0.11)
  BMI (kg/m^2^), mean (SD)               32.4 (5.0)
  Ethnic origin (%)                      
   White                                 61 (52.1)
   Black                                 1 (0.9)
   Asian                                 20 (17.1)
   Hispanic                              32 (27.4)
   Multi-racial                          1 (0.9)
   Other                                 1 (0.9)
   Refused to disclose                   1 (0.9)
  Diabetes (%)                           40 (34.19)
  Biochemical profile                    
  ALT (U/L), mean (SD)                   66.3 (54.4)
  AST (U/L), mean (SD)                   45.4 (31.3)
  AST/ALT ration, mean (SD)              0.77 (0.30)
  ALP (U/L), mean (SD)                   74.7 (23.4)
  GGT (U/L), mean (SD)                   59.3 (47.6)
  Total bilirubin (mg/dL), mean (SD)     0.5 (0.4)
  Direct bilirubin (mg/dL), mean (SD)    0.1 (0.08)
  Albumin (g/dL), mean (SD)              4.5 (0.3)
  Glucose (mg/dL), mean (SD)             107.1 (30.3)
  HbA1C, mean (SD)                       6.1 (0.9)
  TG (mg/dL), mean (SD)                  166.9 (98.7)
  Total cholesterol (mg/dL), mean (SD)   186.0 (39.4)
  LDL (mg/dL), mean (SD)                 106.2 (34.2)
  HDL (mg/dL), mean (SD)                 48.4 (16.6)
  Prothrombin time, mean (SD)            10.8 (1.0)
  Histology                              
  Steatosis (%)                          
   1                                     41 (35.0)
   2                                     43 (36.8)
   3                                     33 (28.2)
  Lobular inflammation (%)               
   0                                     2 (1.7)
   1                                     46 (39.3)
   2                                     64 (54.7)
   3                                     5 (4.3)
  Ballooning (%)                         
   0                                     16 (13.7)
   1                                     77 (65.8)
   2                                     24 (20.5)
  Fibrosis (%)                           
   0                                     43 (36.8)
   1                                     39 (33.3)
   2                                     13 (11.1)
   3                                     12 (10.3)
   4                                     10 (8.5)
  NASH                                   
   NAFLD, not NASH (%)                   11 (9.4)
   Borderline NASH (%)                   15 (12.8)
   Definite NASH (%)                     91 (77.8)
  NAS, mean (SD)                         4.62 (1.36)
  2D-MRE, mean (SD)                      3.17 (1.19)

All labs were measured while fasting. The NASH CRN histological scoring system was used for histological grading and staging of liver biopsy.

Abbreviations: LDL, low-density lipoprotein; HDL, high-density lipoprotein; NAS, NAFLD Activity Score.

A total of 164 patients were observed in the NAFLD Translational Unit, and 47 of these did not undergo MRE. Supporting Table [1](#tbl1){ref-type="table"} describes the baseline characteristics of patients who underwent MRE (n = 117) versus those who did not undergo MRE (n = 47). Compared to patients who had an MRE, those who did not have an MRE were more likely to have milder disease and less likely to have NASH and features of advanced disease on biopsy.

Distribution of Fibrosis Stage
------------------------------

The number of patients with fibrosis stages 0, 1, 2, 3, and 4 were 43, 39, 13, 12, and 10, respectively. The prevalence of advanced fibrosis (stage 3 or 4) was 19% (22 of 117).

Accuracy of 2D-MRE in the Diagnosis of Advanced Fibrosis
--------------------------------------------------------

The AUROC for MRE discriminating advanced fibrosis from stage 0-2 fibrosis was 0.924 (*P* \< 0.0001), as shown in Fig. [1](#fig01){ref-type="fig"}. The best threshold of \>3.64 kPa had a raw sensitivity of 0.86 (95% CI: 0.65-0.97), specificity of 0.91 (95% CI: 0.83-0.96), PPV of 0.68 (95% CI: 0.48-0.84), and NPV of 0.97 (95% CI: 0.91-0.99), as shown in Table [2](#tbl2){ref-type="table"}. A box plot of individual stages of fibrosis (stages 0, 1, 2, 3, and 4) shown on the x-axis and the respective 2D-MRE reading on the y-axis is shown for the entire cohort stratified by fibrosis stage (Fig. [2](#fig02){ref-type="fig"}). MRE images of 5 representative patients with stage 0, 1, 2, 3, and 4 fibrosis are shown in Fig. [3](#fig03){ref-type="fig"}. Twelve patients were misclassified. Nine patients with stage 0-2 fibrosis on biopsy were classified as having advanced fibrosis, and 3 with stage 3-4 fibrosis were classified as having stage 0-2 fibrosis. Cross-validation of the method yielded a sensitivity 0.86 (95% CI: 0.58-0.95), specificity of 0.91 (95% CI: 0.84-0.96), PPV of 0.67 (95% CI: 0.44-0.83), and NPV of 0.97 (95% CI: 0.90-0.99).

![Diagnostic accuracy of MRE for advanced fibrosis. AUROC for the detection of advanced fibrosis in patients with biopsy-proven NAFLD is shown, and a two-tailed *P* value is provided. TPR, true-positive rate; FPR, false-positive rate.](hep0060-1920-f1){#fig01}

###### 

Diagnostic Test Characteristics of 2D-MRE in the Detection of Advanced Fibrosis as Well as Other Secondary Outcomes

                                                   N Positive   N Negative   AUC     Cutoff (Kpa)   Raw Sensitivity   Raw Specificity   Raw PPV   Raw NPV   CV Sensitivity   CV Specificity   CV PPV   CV NPV
  ------------------------------------------------ ------------ ------------ ------- -------------- ----------------- ----------------- --------- --------- ---------------- ---------------- -------- --------
  Primary                                                                                                                                                                                              
   Stage 0, 1, 2 vs. 3, 4                          22           95           0.924   **3.64**       0.864             0.905             0.679     0.966     0.818            0.895            0.643    0.955
  Secondary                                                                                                                                                                                            
   Stage 0 vs. 1, 2, 3, 4                          74           43           0.838   **3.02**       0.554             0.907             0.911     0.542     0.446            0.907            0.892    0.488
   Stage 0, 1 vs. 2, 3, 4                          35           82           0.856   **3.58**       0.657             0.915             0.767     0.862     0.629            0.915            0.759    0.852
   Stage 0, 1, 2, 3 vs. 4                          10           107          0.894   **4.67**       0.8               0.944             0.571     0.981     0.7              0.925            0.467    0.971
   No NASH vs. NASH                                91           26           0.733   **3.26**       0.42              0.923             0.951     0.316     0.429            0.885            0.929    0.307
   Multivariable-adjusted stage 0, 1, 2 vs. 3, 4   22           95           0.952   **3.64**       0.864             0.905             0.679     0.966     0.818            0.905            0.667    0.956

Multivariable-adjusted model includes age and sex adjustment.

Abbreviations: N, number of patients; AUC, area under the curve; CV, cross-validated.

![Distribution of fibrosis and MRE readings for the entire cohort. A box plot of individual stages of fibrosis (stage 0, 1, 2, 3, and 4) is shown on the x-axis, and the respective 2D-MRE reading on the y-axis is shown for the entire cohort stratified by fibrosis stage.](hep0060-1920-f2){#fig02}

![MRE stiffness maps of 5 patients with NAFLD and different stages of liver fibrosis. Shown are MRE stiffness maps in 5 patients with NAFLD. These maps depict the spatial distribution of stiffness (in kPa) within the liver (outlined in white). As shown in the color lookup table at the right, the stiffness values range from near zero (dark purple) to 8 kPa (red). The histology-determined liver fibrosis stage is shown at the top of each stiffness map, and the MRE-determined mean liver stiffness is shown at the bottom of each image. Notice that the stiffness values are greater in patients with more-advanced fibrosis.](hep0060-1920-f3){#fig03}

Multivariable-Adjusted Model
----------------------------

Step-wise logistic regression with AIC as a selection criterion was used to identify a model with the optimal combination of predictors of advanced fibrosis, choosing from 2D-MRE, MRI-PDFF, age, sex, and BMI. Addition of liver fat content using MRI-PDFF as a variable did not improve the AUROC, suggesting that liver fat content did not change the prediction for advanced fibrosis by 2D-MRE. Therefore, MRI-PDFF was not included in further models. Furthermore, sex was dropped as a predictive variable in the optimal AIC determined prediction model. Thus, the final model contained 2D-MRE plus age and BMI as predictors. The AUROC for classifying advanced fibrosis based on the fitted variable (a weighted combination of predictors including 2D-MRE, age, and BMI) from the multivariable model was 0.95 (*P* \< 0.001; see Supporting Fig. [1](#fig01){ref-type="fig"}). However, the performance in classifying advanced fibrosis (both raw and cross-validated) was similar to that of the univariate (2D-MRE based only) model, with a slight gain in specificity and total classification accuracy and a slight loss in sensitivity.

Presence of NASH and Dichotomized Fibrosis Stages
-------------------------------------------------

Table [2](#tbl2){ref-type="table"} provides the details of the diagnostic test characteristics of 2D-MRE for the diagnosis of NASH, as well as various dichotomized stage of fibrosis. The AUROC for diagnosis of NASH was 0.73 (*P* \< 0.0001). The AUROC for discriminating stage 0 versus stage 1-4 was 0.84 (*P* \< 0.0001), for stage 0-1 versus stage 2-4 was 0.86 (*P* \< 0.0001), and for stage 0-3 versus stage 4 was 0.89 (*P* \< 0.0001).

Discussion
==========

Main Findings
-------------

Utilizing a prospective cohort study design, our study demonstrated that 2D-MRE accurately detects advanced fibrosis in patients with biopsy-proven NAFLD. In addition, we showed that 2D-MRE accurately detects cirrhosis. These data have important clinical implications, given that noninvasive diagnosis of advanced fibrosis is a major unmet need in the field, and 2D-MRE can be reliably utilized to noninvasively screen (rule out) advanced fibrosis in patients with NAFLD. This study provides prospective validation to previously conducted retrospective studies. With a rising interest in antifibrotic therapies in NAFLD, 2D-MRE would also be helpful for screening for antifibrotic clinical trials that are specifically targeting patients with advanced fibrosis (stage 3 or 4). Therefore, we propose that 2D-MRE is an accurate, noninvasive imaging-based biomarker, which may be utilized for diagnosis of advanced fibrosis and cirrhosis in patients with NAFLD.

In Context With Published Literature
------------------------------------

Our findings are in agreement with previous retrospective studies in a mixed population of patients with various etiologies of CLDs in assessing the diagnostic accuracy of 2D-MRE in the detection of advanced fibrosis.[@b35],[@b52] Yin et al. had previously shown that liver fat content, as estimated using a conventional in- and out-of-phase imaging technique, did not affect the 2D-MRE assessment of hepatic fibrosis in a retrospective study of a cohort with a variety of CLDs.[@b35] We confirmed their findings prospectively in a NAFLD cohort using a more advanced, accurate, and standardized fat quantification technique.[@b31]--[@b33] Furthermore, we showed that addition of age and BMI (simple routinely available variables to either radiologists or patients themselves without the need of any invasive blood draw) further improved the diagnostic accuracy of 2D-MRE in detection of advanced fibrosis, but there was only a slight improvement in the number of patients who were correctly classified. In another recent retrospective study, Kim et al. showed that 2D-MRE was accurate in the diagnosis of advanced fibrosis in NAFLD.[@b30] Our study is a prospective validation of previous retrospective studies. Furthermore, this is the first prospective study to evaluate 2D-MRE in consecutive patients with biopsy-proven NAFLD for other dichotomized fibrosis stages. Although we found similarly high accuracy for the diagnosis of advanced fibrosis, the diagnostic accuracy of 2D-MRE for detection of NASH in this prospective study was lower than previously reported in a retrospective study by Chen et al.[@b36] We utilized the well-established NASH-CRN histological scoring system for assessment of NASH in this study, whereas Chen et al. classified patients by presence of inflammation (yes/no) and fibrosis (yes/no), rather than a standard definition of NASH, which may explain the discrepancy. Liver biopsy is considered a gold standard for assessment of fibrosis stage, but it clearly does not accurately classify all patients correctly into an individual fibrosis stage. Hence, when the gold standard is imperfect, even a test (hypothetical scenario) that has an accuracy of 100% may not always yield an AUROC \>0.95, given the inherent limitations of the liver biopsy assessment. MRE readings may be inaccurate in certain conditions, such as acute inflammation and iron overload, and therefore the test has to be utilized in the appropriate clinical context. Based upon previous studies and expert panel reviews, transient elastography is useful in assessing advanced fibrosis, but has a high failure rate as well as a high rate of unreliable values (approximately 21%-50%), particularly in patients with NAFLD because of higher prevalence of obesity in this patient population.[@b1],[@b26]--[@b29],[@b53],[@b54] Among available prediction rules, NAFLD fibrosis score provides a clinically useful model for screening for advanced fibrosis in patients with NAFLD.[@b23] However, more-accurate tests are desirable. Several serum- and plasma-based biomarkers have been assessed for the diagnosis of advanced fibrosis, but none of them are ready for routine clinical use because of high misclassification rates.[@b1],[@b55] 2D-MRE is promising and emerging to be an accurate tool for assessing advanced fibrosis and risk of decompensation, but requires independent validation in a prospective, multicenter study.[@b30],[@b56]

Strengths and Limitations
-------------------------

The key novelty and innovation of the study lies in the prospective nature of the study, and the utilization of a well-characterized cohort of patients with biopsy-proven NAFLD, each of whom had a clinical indication for liver biopsy. Advanced MRI techniques (2D-MRE and MRI-PDFF estimation) were conducted by an experienced group of investigators, and the median time interval between the MR examinations and biopsy was 45 days. Liver biopsy examination was used as the gold standard for assessment of fibrosis using the NASH-CRN histological scoring system. All patients underwent a dedicated research visit, and other causes of liver disease were excluded. The diagnosis of NAFLD was systematically ascertained, and the study was conducted in a dedicated NAFLD translational research unit. However, we would like to acknowledge the following limitations of this study. This is a single-center study conducted at a specialized center for both clinical and MRI research in NAFLD, suggesting strong internal validity, but generalizability remains to be determined in a multicenter setting. This is a cross-sectional study, and these data do not provide evidence regarding longitudinal utility of 2D-MRE in assessment of changes in liver fibrosis. MRI-based methods may be expensive, but, at our center, the cost of MRE is less than that of a liver biopsy. However, clinical MRI plus MRE fees may be cost prohibitive at certain sites. Further studies are needed to assess cost-effectiveness of using MRE over other available modalities for the diagnosis of advanced fibrosis in patients with NAFLD. Significant refinement in technology and faster acquisition of 2D-MRE data is underway that may further reduce cost.

Impact on Clinical Practice and Future Directions
-------------------------------------------------

This study provides prospective data on the diagnostic accuracy of 2D-MRE in patients with biopsy-proven NAFLD. These data suggest that 2D-MRE has excellent accuracy in determining advanced fibrosis in patients with NAFLD and confirms previously conducted retrospective studies. Based upon evidence derived from previously conducted retrospective studies, and this prospective study, 2D-MRE may be utilized for noninvasive detection of advanced fibrosis in patients with NAFLD. In contrast to previous retrospective studies, we found that the performance of 2D-MRE for diagnosis of NASH versus NAFL was rather modest and did not provide a high level of accuracy. Further prospective and multicenter studies are needed to assess the role of 2D-MRE in assessing longitudinal changes in monitoring liver fibrosis and disease progression in the setting of both natural history studies as well as intervention trials. Further prospective studies are also needed to assess the role of novel MRE parameters, and more-advanced MRE methods (such as 3D-MRE) in the noninvasive diagnosis of NASH, and fibrosis in well-characterized patients with biopsy-proven NAFLD.
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ROIs

:   regions of interest

SD

:   standard deviation

TE

:   echo time

TG

:   triglyceride

TR

:   repetition time

UCSD

:   University of California at San Diego
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